The one-dimensional characteristic of yarn has resulted in very little attention being given to the uniformity of carded web in the cross machine direction. The development of nonwovens has prompted researchers to reconsider the importance of cross machine uniformity in determining the total uniformity of the carded web. It is therefore important to develop manual and online techniques to quantify cross machine uniformity at both the input and output of the card.
Introduction
Carding is considered to be the most critical process in determining the longitudinal and transverse uniformity of the nonwovens. While traditionally the focus has always been to improve the longitudinal uniformity of carded web, much less attention has been given to the cross machine uniformity. Some studies have suggested that the carding process in itself results in very little fiber movement in the cross machine direction and that any variations in that direction must be due to variations already present at the feeding stage. Other studies have mentioned that the possibility of fiber movement during the transfer of the fibers from one carding field to the next is very real. An important goal of this paper is to try to resolve this issue and determine the actual physics that fibers go through during the carding process.
What is generally meant by a "better carded web" is a more uniform web in mass in both the longitudinal and transverse directions. The uniformity of the carded web is itself greatly influenced by the mass and openness uniformity of the feed matt. While the concept of mass uniformity is very clear and can be easily measured, the concept of openness uniformity is much less clear. There is no doubt in the mind of textile scientists that a well opened feed matt will result in a better carded web with fewer neps. The reason being that a well opened tuft of fiber gives a much better chance for the card elements to perform their carding action, to individualize, and to distribute the fibers more uniformly. There is no standard method of quantifying openness, and this property has been mainly qualitatively assessed. A novel technique that was developed at the Nonwovens Cooperative Research Center (NCRC) labs and aimed at quantifying openness is described in this paper. Once openness is quantified then this property, along with mass, are used to determine whether the pressure applied by the feed roller of the carding machine results in a redistribution of the fibers across the machine direction.
By quantifying openness, it is then possible to combine this property with mass measurements in order to have a more comprehensive and complete definition of uniformity. This will ORIGINAL PAPER/PEER-REVIEWED allow a complete characterization of the input feed matt, which can be combined with loading measurements at the levels of both the cylinder and the doffer, to provide information about the movement of fibers both along and across the machine direction. It is then possible to determine the amount of dispersion that takes place and the reasons for it. It is hoped that this investigation will lead to a detailed explanation of the carding mechanism at the microscopic level and to recommendations in improving the overall quality of nonwovens.
Previous Work
Card web uniformity along the machine direction has been studied by many researchers [1, 3, 7] . The variables affecting such uniformity were identified and improvements suggested. However very few studies [2, 4, 6] have been found in the literature addressing the problem of card web uniformity in the transverse direction. This scarcity is due to the fact that the transverse direction has long been neglected, because in the production of yarn the resulting carded web is condensed and the uniformity in the transverse direction becomes less meaningful. It is only recently in the development of two dimensional carded webs that the uniformity in the transverse direction has had renewed interest.
In its publication entitled "Woollen Carding" [6] , the Wool Industries Research Association (WIRA) has conducted tests in which feed slivers of white and blue blends were laid side by side along the feed sheet. The output web was then collected on a roller and examined for the presence of dispersion, in which case the width of the bands would have increased. The results included two clear pictures on the input and output web where it can be clearly seen that the dispersion of the fibers in the cross machine direction is negligible. The conclusion of the report was that "apart from some effects due to air currents near the edges of the card which can be minimized by the use of side shields, there is no major movement of fibres across a card, so that any trend in weight from side to side must be caused by a trend fed into the carder."
Air currents generated by the card are mentioned as a possible factor that can cause fiber to disperse across the card. This is becoming more and more important with the continuous increase in speeds in modern carding. The negligible effect found in this study should be looked on with the limitations of the study. The study was performed on a roller-top card where the carding field is discrete, as opposed to the continuous carding field (between flats and cylinder) in flat-top card. The other limitation is that the study was performed with wool fibers, which are long fibers. It is intuitively expected that the dispersion will be less than shorter fibers because long fibers can be held for longer times than short fibers [4] . Another more important limitation of the study is the fact that slivers were used at the input as opposed to feed matt coming from the chute feed. Fibers in slivers have a higher degree of parallelism than fibers in the feed matt. The higher degree of parallelism could mean that during the transfer of fibers from one carding element to the next more fibers will be captured from their leading ends, and therefore more fibers will remain straight, which means that less dispersion takes place. In the case where the input is a feed matt, most fibers are not captured by their leading ends, which means that fibers are more likely to disperse.
Another important study that covers the subject of fiber movement in the cross machine direction has been conducted by Cherkassky [2] and published in 1994. Although the study is quite theoretical in nature, it can be considered as the first study where the web is modeled in two dimensions. The mathematical model considers both the longitudinal transport of fibers and the diffusion in the transverse direction. Cherkassky believes that in the case of nonwoven material, it is necessary to use a two dimensional model because the output web retains its width. He also suggests that since the card does not have any mechanism where the fibers are guided longitudinally, the motion of fibers in the cross machine direction should be considered. The reasons that are given for the possibility of fiber dispersion are the non-uniformity of air flow in the carding zone and the variability in the point of capture of the fibers during their transfer between the different carding zones. The study is limited in the sense that it is only applicable for continuous carding fields. The concept used in the modeling needs to be extended to cover discrete carding fields.
The work published by Cherkassky was used later by Meng to develop a new mathematical model that covers the carding fields of both roller-top and flat-top cards [5] . In both Meng and Cherkassky's work, the underlying assumption in the development of the model is that fibers disperse (move in the transverse direction) only at the transfer points. Outside these zones, dispersion is considered to be negligible. There are two possible methods of fiber transfer either from a low to a fast moving surface or the opposite. When the fibers are transferred from a fast to a slow moving surface, fibers are first compressed by the fast moving surface and are then picked up by the slow moving surface in a compressed form. Fibers picked up in a compressed form are more likely to disperse in the transverse direction. In the case where fibers are transferred from a slow to a fast speed moving surface, the fiber is usually stretched by the fast moving surface before being picked up; this means that the possibility of fiber dispersion is more remote. This analysis of fiber movement at transfer points gives a possible explanation for the actual mechanism that takes place.
Meng [4] has performed a number of experiments to evaluate the amount of fiber dispersion that takes place during the carding process. A number of clearly separated fiber stripes (separated by empty space) were fed to the card to allow the transfer of fibers to occur without interaction between neighboring stripes. The same experiment was also performed using black and white stripes laid side by side. The width of the stripes was measured before the feed roller and off the doffer. It was found that fiber dispersion was greater for flat-top card than roller-top card. Higher dispersion was found for side stripes compared to middle stripes, and for short fibers compared to long ones. Dispersion was also found to vary with the type of fiber used. The work performed by Meng [4] showed that there is some amount of dispersion that takes place during the carding process. This is in contrast with the WIRA findings, which suggest that the amount of dispersion is negligible. The work previously performed did not consider the openness of the fibers when making comparison between the stripes. Openness is believed to have a significant impact on fiber dispersion, as the more the fibers are interlaced with each other, the less freedom they have dispersing. Moreover, if dispersion occurs from areas of high mass to areas of low mass, uniformity could be improved.
Openness Considerations
Openness has mostly been used in a qualitative or descriptive sense. It is known to be important but it is not given enough attention. In order to complete the definition of uniformity, added to the concept of mass uniformity must be the concept of openness uniformity. An attempt is made in what follows to quantify openness uniformity of the feed matt using a technique based on its compression characteristics.
Test Procedure
The material used in the experiment was cotton with fiber length of 1.04 inches, with strength of 26.4 gf/tex and with a fineness of 4.6 micronaire. The material initially collected was located right after the chute feed but before the feed roller. The material was very fluffy and hard to handle without distortion. The idea was to use rectangular cardboard (91cm x 36 cm) and insert it below the material and then pull it along with the material. Paint was used to draw on the strip collected eighteen 25 cm 2 squares with a 2 cm diameter circle drawn at the center of each square as shown in Figure 3 . The strip with eighteen circles drawn on it was then placed on the compression tester to perform the actual compression test. The same procedure was used to collect at different times two more strips located before the feed roller, and three strips after the feed roller (this was done by removing the lickerin). Figure 1 shows a schematic representation of the compression device that was to perform the tests. A circular piston 20 mm in diameter was manufactured to perform the compression test on the samples. One side of the piston can be screwed onto the top of the load cell and the other side is a smooth circular area that will compress the sample during the test. A steel plate was manufactured to hold the sample during the test. The plate is perforated in the center (2 cm diameter hole) to allow the piston to move past the plate and perform the compression test on the sample placed on top of the steel plate. The direction of the compression test was reversed from the conventional test because it is believed that in the conventional test the weight of the piston will take the load cell from a state of tension to a state of compression. In this region (tension to compression zone), the results obtained from the load cell are not reliable. In conventional tests, the weight of the piston is small compared to the ultimate compression load of the sample so that its effect can be neglected. However in the test performed, this effect is not negligible and efforts were made to minimize this source of error.
For each compression test, the displacement of the cross heads was set at 29 mm/min., and the compression test was performed until a final sample thickness of 10 mm. Each strip was sandwiched between the top part of the compression tester and the steel plate carrying the strip, as shown in Figure 1 . The initial separation of the top part and the steel plate is set at 75 mm, so the piston compresses the sample 65 mm. From the speed of the cross head and the scan rate (5 scans/sec), it is possible to transform load vs. time in terms of load vs. thickness of the sample. Eighteen compression tests, each corresponding to a different location across the width of the card, were performed for each strip collected (a total of six strips were collected, three before the feed roller and three after the feed roller). After completing the compression tests on a strip, the strip was cut with a pair of sharp scissors into the 25 cm 2 squares, and each square was weighed.
Data Analysis
Data was collected at the rate of 5 scans/sec. Preliminary tests showed that a certain amount of data filtering is needed to eliminate some of the noise that is coming from the operation of the step motor that drives the loading piston (Figure 1) . The filtering method that was used is the moving median technique. It consists of picking up the first five (five is used as an arbitrary number) voltages (y 1 ,y 2 ,y 3 ,y 4 ,y 5 ) and then selecting the median among them y 3m which is then associated with time x 3 and used as the first data point. The next step is to shift up one data value and then collect the next five voltages (y 2 ,y 3 ,y 4 ,y 5 ,y 6 ), and pick up the median y 4m which is associated with time x 4 . This filtering process is done on-line during the collection process. The purpose of this process is to eliminate among each of five points the high and low values fluctuations, which are considered noise. A typical load versus time curve of filtered data, obtained while testing a cotton sample, is shown in Figure 2 .
It can be noted that the curve obtained in Figure 2 can be divided in two portions. The first portion, corresponding to high decreases in the sample thickness for very slight increases in load, is almost linear. This portion corresponds to the resistance of the few fibers sticking out from the level of most other fibers; this, of course, is not related to the openness of the fibers. The second portion, corresponding to low decreases in sample thickness for high increases in loads, is the exponential like portion of the curve. This portion represents most of the fibers being compressed with the air voids in-between being kicked out. This latter portion is physically related to how open the fibers are. The interesting part of the curve is the exponential like portion of the curve, which is believed to provide valuable information about the openness of the sample being tested. To get useful information about this portion of the curve, it is necessary to fit it with an exponential curve, which is equivalent to plotting the points on semi-log paper, and then performing a linear regression analysis. It is believed that the slope determined by the regression analysis gives a measure of the openness that is characteristic of the sample being tested. The difficult part in the procedure is to determine the point that separates the linear part from the exponential like part of the curve. It was decided arbitrarily that the point of separation would be the point corresponding to a load of 10g. The portion of the load-time curve between the point corresponding to a load of 10g and the point of maximum load are fitted with an exponential curve. The value of the exponent regression coefficient is taken as representing openness. Results  Figures 4 and 5 show the actual compression curves obtained along with the fitted exponential curves for the first two samples tested (sample f1 and f2 in Figure 3) . The equation of the fitted exponential curve is displayed on each graph. It is believed that the value of the exponent term in the displayed equation is a measure of the openness of the sample at that location.
In summary, each square in each strip has two corresponding properties measured, one is the mass and the other is the coefficient of the fitted exponential curve to the compression curve. Figures 6, 7 and 8 show the mass before and after the feed roller for the first, second and third strip, respectively. It can be clearly seen by comparing the three figures that no clear trend can be picked up for the effect of the feed roller on mass uniformity in the transverse direction, so the conclusion is that the feed roller does not result in a redistribution of the mass in the cross machine direction. Figures 9, 10 and 11 show the absolute value of the exponent regression (openness is taken as the negative of that) coefficient before and after the feed roller for the first, second and third strip, respectively. It can be clearly seen by comparing the three figures that there is a clear trend. The value (absolute value) before the feed roller is clearly lower than the corresponding value after the feed roller. This means that the openness before the feed roller is higher than the openness after the feed roller. The conclusion that can be made is that the feed roller has a significant effect in changing the compression characteristics of the feed matt. This is expected as the feed roller applies a significant amount of pressure and shear to the feed matt due to DISTRIBUTION BEFORE AND AFTER THE  FEED ROLLER FOR THE THIRD STRIP showed some reasonable results, it did involve some problems in the handling of the feed matt prior to testing. These problems were especially visible during the transport of the feed matt. In order to improve on the technique and eliminate some of the handling problems, it was decided to use the compression characteristics of the feed matt but do it on-line. The idea is to perform a compression test on-line. In order to verify whether using the compression characteristics can be used to detect different levels of openness and to further check that such a process can be done on-line, it was decided to perform some preliminary experiments to that regard. These experiments were performed on raw cotton with the same characteristics as described previously. In order to obtain different levels of openness, separate lots of cotton were respectively run through the opener once, twice, three times and four times. These lots were then run through the card while at the same time performing a compression test at the level of the card input. Figure 12 shows the compression curves obtained for different levels of opening cycles. The results show that at relatively low pressures there is a decrease in thickness for higher degree of fiber opening. At higher pressures, the thickness is no longer related to the degree of opening. This is clear in Figure 12 where at higher pressure the different curves intersect themselves. The important result is that a suitably applied pressure can be used to determine the level of openness through thickness measurements.
Conclusion
The literature show that scientists do not agree on whether the carding process results in any movement of fibers in the cross machine direction. The results found by WIRA concluded that the carding process does not result in any significant movement. In his theoretical analysis of nonwoven webs, Cherkassky pointed out the possibility of fiber movement in the cross machine direction when fibers are being transferred from one carding zone to the next. In order to study fiber dispersion during the carding process, it is necessary to develop techniques to measure web uniformity both at the input and output of the card. Many studies in the literature have dealt with measuring mass uniformity at the level of the output,; however, none has dealt with measuring both mass and openness of the feed matt.
A novel technique has been developed in which some specific information of a compression test performed on the feed matt can be used to quantify openness. A regular compression test was performed, and the exponential like portion of the compression curve was fitted with an exponential equation. The coefficient of the exponent was used as the quantity that characterizes openness. A more advanced and reliable technique was also developed to use the compression characteristics of the feed matt to determine the level of openness through thickness measurements under a suitably applied pressure.
In order to study the effect of the feed roller on mass and openness uniformity, three strips of material were taken before and after the feed roller. The mass and openness of the strips across the machine direction was found as described previously. The results showed that the feed roller does not change the mass distribution of the feed matt. However, it was found that the feed roller had a significant effect in changing the openness characteristics of the feed matt in the transverse direction. 
